Weak measurement of spin overview

48
The weak measurement process allows for the detection of very small phase shifts. By preparing 49 the system in a particular pre-and post-selected quantum state, it is possible to amplify these phase 50 shifts, and from this amplified signal, it is possible to extract the desired observable of interest.
51
As a consequence of this effect, the phrase "weak value amplification" is commonly used in the 52 literature. The amplified shifts are relatively small therefore great care has to be taken in designing 53 and constructing the experiment.
54
The three stages of the weak measurement regime for spin are as follows. Atoms are first 55 pre-selected in a desired spin state with the spin axis set at a pre-selected angle θ in the x-z plane, see 56 Figure 1 . The atoms then propagate through the weak stage which in our case is a S-G magnet with a 57 field gradient that is very small along the z-axis.
58
. Figure 1 . Schematic view of the experimental technique. Helium atoms in the m S = +1 metastable state enter from the left, with spin vector angle θ. The atoms pass through the weak and strong S-G magnets before reaching the detector. The displacement due to the weak measurement process is ∆ w , which is a function of the chosen pre-selected spin state. For simplicity the m S = 0 spin state is not shown.
induced by the weak stage as shown in the Figure 1 . The size of ∆ w depends on various features of 63 the apparatus. Furthermore, since this shift is still relatively small, we must maximise it by suitably 64 adjusting the experimental parameters as will be discussed below.
We have chosen to work initially with helium, excited into a metastable 2 3 S 1 triplet state, m S = 66 ±1, 0. In the excitation process a metastable 2 1 S 0 singlet state is also produced. This state passes 67 though the experiment unaffected and is useful as a fiducial showing the mid-point of the distributions.
68
We also plan to extend the experiment and use other gases such as neon and argon both in the 3 for the atoms to pass through all the stages of the apparatus before decaying. gas species. Upon collision with any surface it will easily ionise and the emitted electron is observed 80 with a multichannel plate detector (MCP).
81
All of these characteristics will enhance the overall signal strength and sensitivity of the 
Initial conditions
93
The helium gas is initially prepared as a pulsed beam and is described by the normalised Gaussian 
where σ is the width in position space. The width of the atomic beam is set by passing it through 96 an orifice/skimmer at the entrance of the weak stage. We describe the spinor in terms of polar angles θ 97 and φ in the following form [22] ,
The initial orientation of the spin vector angle θ can be seen in Figure 1 , where the azimuthal 99 angle φ (not shown), is the corresponding angle in the x-y plane. We set φ = 0 and only consider 100 variations of the angle θ. Therefore the initial wave function prior to entering the weak stage is Hamiltonian is given by
where µ is the magnetic moment,ŝ are the spin-1 matricesŝ = [ŝ x ,ŝ y ,ŝ z ], and the magnetic field which is the time that the atom spends in the weak field. The resultant wave function is now given by 
The explicit wave function at the exit of the weak stage is now
1.5. Obtaining the weak value of spin
115
The exponential (phase shift) in Equation 7 can be Taylor expanded
where for convenience we have written |S i for ξ i and 
and the transition probability amplitude S f |S i can be factored out
The weak value of spin is defined as W =
. Note W is in general a complex number with 122 real and imaginary parts. When φ = 0 the imaginary part goes to zero and only the real part, W Re ,
123
contributes and thus becomes,
Using the pre-and post-selected states of the system, the real part of the weak value becomes,
In order to cast Equation 15 into an exponential form the following inequality must be met,
where L is a limit to be determined [16, 23] .
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As the spread in z-axis is related experimentally to the width of the atomic beam in question [16] ,
128
it can be replaced by σ, therefore the inequality becomes,
The final wave function after the Gaussian wave packet has trasversed both the weak and strong
In this experiment, the real part of the weak value of spin will be measured by setting φ = 0 and 
Where t is the time of flight from the exit of the strong magnet to the detector, the mean of the where no approximation is considered, using Equation (7).
157
L o is calculated by increasing the inhomogeneous magnetic field in the weak stage only, thus 
. The blue curve is the exact treatment of the system taking into account the higher order terms. The red and blue curves coincide when the limit L = L o = 0.37; this is the maximum limit for which the first order approximation holds.
As the optimal limit is now fixed, we can rearrange the wave packets deviation ∆ W with respects 167 to this fixed limit
We now can see the maximum deviation of the wave packet is only dependent on t and σ. By A schematic of our experimental arrangement is shown in Figure 5 . The first step is to produce a propagate freely onto a detector that consists of two micro-channel plates in a chevron configuration,
190
coupled to a phosphor screen and CCD camera. The measured deflection ∆ w will be proportional to
